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Strain engineering has been extended recently to the ultrafast timescales, driving metal-insulator
phase transitions and the propagation of ultrasonic demagnetization fronts. However, the non-
linear lattice dynamics underpinning interfacial optoelectronic phase switching have not yet been
addressed. Here we focus on the lattice dynamics initiated by impulsive resonant excitation of
polar lattice vibrations in LaAlO3 single crystals, one of the most widely utilized substrates for
oxide electronics. We show that ionic Raman scattering drives coherent oxygen octahedra rotations
around a high-symmetry crystal axis and we identify, by means of DFT calculations, the underly-
ing phonon-phonon coupling channel. Resonant lattice excitation is shown to generate longitudinal
and transverse acoustic wavepackets, enabled by anisotropic optically-induced strain in and out
of equilibrium. Importantly, shear strain wavepackets are found to be generated with extraordi-
nary efficiency at the phonon resonance, being comparable in amplitude to the more conventional
longitudinal acoustic waves, opening exciting perspectives for ultrafast material control.
Epitaxy can be used to impose misfit strain capable of
altering the properties of materials. Notable examples in-
clude the enhancement of ferroelectric and ferromagnetic
order1 and even the engineering of artificial multiferroics
at room temperature2. Whereas static strain engineering
is a well-established paradigm3–5, ultrafast strain engi-
neering has emerged only recently as an effective method
to drive optoelectronic phase switching6. In this ap-
proach, ultrashort pulses of light are tuned in resonance
with an infrared-active atomic vibration of a substrate,
in order to transform the structural and electronic prop-
erties of an epitaxial thin film. This mechanism, applied
extensively to insulating lanthanum aluminate (LaAlO3)
substrates, governs metal-insulator transitions6, ultra-
sonic magnetic dynamics7, and sonic lattice waves8 in
strongly correlated thin films. However, the nature of
the non-linear lattice dynamics initiated in the substrate
material is not yet fully understood. Here we show that
resonant impulsive excitation of a polar Al-O stretching
of the LaAlO3 crystal lattice drives non-polar coherent
rotations of oxygen octahedra via ionic Raman scatter-
ing. Moreover, the anisotropic optically-induced stress
generates propagating longitudinal and transverse acous-
tic wavepackets. Importantly, shear strain wavepackets
are found to be produced with extraordinary efficiency at
the phonon resonance, being of comparable amplitude to
the more conventional longitudinal acoustic waves. These
results uncover an hitherto unknown microscopic feature
of ultrafast strain engineering that opens new perspec-
tives for material control via tunable shear strain.
We investigate light-induced structural dynamics in
LaAlO3, an insulating substrate utilized extensively in
oxide electronics for the epitaxy of correlated materials,
including high-Tc cuprate superconductors9, magnetore-
sistive manganites10 and nickelates11. At room temper-
ature, LaAlO3 exhibits a distorted perovskite structure
(rhombohedral space group R3¯c, see Fig. 1a). In our ex-
periments we use commercially available 5× 5 mm (001)
LaAlO3 single crystals with a thickness of 0.5 mm. To
drive the lattice vibrations resonantly, we use ultrashort
(200 fs) pump pulses in the mid-IR frequency range. The
pulses are carrier-envelope-stable (CEP-stable) and are
generated in a 0.35 mm thick GaSe crystal by difference
frequency mixing the output of two optical parametric
amplifiers (OPAs). The OPAs share the same white light,
generated in a sapphire crystal, by the output of a laser
amplifier (800 nm, 100 fs, 5 mJ, 1 kHz), which ensures
CEP-stability of the pulses12. We tune the photon en-
ergy of the pump pulses continuously across the highest-
frequency Eu phonon resonance13,14, schematically de-
picted in Fig.1b. The tuning of the pump photon en-
ergy was done in the range 70–180 meV and allowed us
to compare dynamics excited in the optical transparency
window, with structural transient dynamics induced by
pulses tuned in resonance with the lattice vibrational
mode. The wide bandgap of LaAlO3 (5.6 eV15), as well
as the absence of electronic in-gap states16, ensures the
purely structural nature of the photoinduced response.
Time-resolved optical reflectivity and birefringence
measurements are performed using near infrared probe
pulses (100 fs, 1.5 eV, 1 kHz), in two complementary
experimental geometries, schematically illustrated in
Fig. 1c. In the first scheme we monitor the transient
differential reflectivity ∆R using a balanced photodetec-
tor. The structural dynamics initiated by the pump pulse
modulate the sample’s dielectric function resulting in a
perturbation of the refractive index n, being directly im-
printed on the ∆R signal. In the second scheme we track
the transient optical birefringence ∆θB using an opti-
cal polarization bridge (Wollaston prism) and a balanced
ar
X
iv
:2
00
2.
12
80
9v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 28
 Fe
b 2
02
0
2ΔR
LaAlO3
ΔθB
1.28 μm
1.4 - 1.6 μm
GaSe
Ge
MIR
Δt
[010]
[100]
[001]
near-IR
probe
La
Al
O
x
[111]
(a)
(c)
(b)
[001]
[010]
[100]
(001)
(111)
[111]
Figure 1. (a) The crystal structure of LaAlO3, with in-
dications of the different crystallographic directions. The
rhombohedral distortion from the high-temperature cubic
phase is due to out-of-phase rotations of the oxygen octahe-
dra about the [111]pc axis, schematically depicted by a blue
arrow. (b) Atomic motion corresponding to the infrared-
active Eu stretching mode, polarized in the (111) plane in
the x-direction. (c) Schematic illustration of the experimen-
tal scheme. The mid-IR pulse is generated by difference fre-
quency mixing from two near-infrared pulses in a GaSe crys-
tal, after which the mid-IR pulses are filtered by a germa-
nium (Ge) filter. Following the mid-IR excitation, the ensuing
changes in optical properties are probed with a time-delayed
near-infrared pulse. The pump-induced changes to the reflec-
tion intensity ∆R and rotation ∆θB of the polarization plane
are monitored.
photodetector. The elementary vibrations of LaAlO3 are
intrinsically highly anisotropic and coherent dynamics of
these modes can modify the off-diagonal components of
the permittivity tensor, thereby resulting in a transient
birefringence. In both experimental configurations, the
probe pulses are focused to a spot with a diameter of
80 µm. The spatial overlap between the pump and probe
pulses is obtained by co-propagation of the beams, us-
ing an off-axis parabolic mirror, which focuses the pump
beam to a spot of about 150 µm.
Measurements of transient changes to both the reflec-
tivity and birefringence, using pump pulses at the pho-
ton energy tuned in resonance with the Eu phonon mode,
hν ' 85 meV, reveal multiple oscillatory responses at fre-
quencies well below the one of the pump, see Fig. 2a,b.
The highest-frequency oscillation is centered at 1.1 THz
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Figure 2. Transient changes in the intensity of the reflected
1.5 eV probe pulse ∆R/R (a) and the polarization rotation
∆θB of the probe pulse (b) after excitation of the LaAlO3
substrate with a mid-infrared pump pulse of 86 meV (a) and
89 meV (b) and a fluence of 10 mJ/cm2. The insets show the
Fourier spectra of the signal. The top axis in (b) shows the
distance z which the longitudinal sound wave has propagated
at that time. (c) The real-space atomic motion correspond-
ing to the excited Eg mode indicated with arrows (left) and
a schematic picture of a strain wave propagating with speed
vsound leading to interference between probe light (wavelength
λ) reflected at the interface and scattered at the strain wave,
depending on the distance z which the strain wave has prop-
agated. (right)
and is assigned to the Raman-active Eg soft mode of
LaAlO314,17 associated with a rhombohedral instability
of the R3¯c lattice structure. This mode is comprised
of rotations of the oxygen octahedra around an axis per-
pendicular to the [111] pseudocubic direction as shown in
Fig. 2c. The longer time delay further reveals oscillatory
components at two discrete frequencies fTA and fLA in
the GHz frequency range. This pattern originates from
interference between light pulses reflected at the crystal
surface and reflections from an acoustic wavefront prop-
agating into the bulk (Fig. 2c). The frequency of the
oscillations f is related to the refractive index n of the
material at the probe wavelength, the speed of sound
vs, the angle θ w.r.t. the sample normal and the wave-
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Figure 3. (a) Time resolved reflectivity changes of the probe
pulse at the central energy of 1.5 eV after mid-IR excitation at
photon energies of 83 meV and 124 meV. Inset: the amplitude
of the coherent phonon oscillations at 1.1 THz, as extracted
from a sine fit to the transient reflectivity changes for different
pump photon energies. The solid line serves as a guide to the
eye. (b) Time-resolved measurements of the transient polar-
ization rotation of the probe pulse after excitation with the
pump pulses having a polarization of φ degrees with respect
to the pseudocubic axis at a pump energy of 89 meV. (c)
Amplitude of the observed Eg mode excitation (black filled
squares) and calculated coupling of the excited phonons to
the Eg mode (blue circles) vs pump polarization angle φ with
a sine fit.
length λ of the probe by the relation18 f = 2nvs cos(θ)/λ.
In our experiments we vary the angle of incidence of
the probe beam and find that, while the frequency of
the Raman oscillation remains unchanged, the frequency
of the GHz oscillations decreases in agreement with the
relation shown above. We extract the corresponding
propagation velocities, obtaining vLA = 6.67 km/s and
vTA = 4.87 km/s matching well the speed of longitudinal
acoustic (LA) and transverse (TA) phonons in LaAlO3
propagating along the [001] direction19. Therefore our
experiments show that optical excitation with ultrashort
resonant mid-IR pulses initiates coherent structural dy-
namics in both the acoustic and optical branches of the
phonon spectrum. Although the optical excitation of
a longitudinal acoustic wavefront is expected from elec-
trostriction in LaAlO320 and/or optical absorption21, the
optical generation of shear strain requires the presence of
an equilibrium or light-induced structural anisotropy. We
discuss this aspect below, after the analysis of the THz
Raman mode.
To unveil the mechanism of excitation of the Raman-
active mode, we vary the pump photon energy across the
Eu phonon resonance. Fig. 3a compares time-resolved
transient reflectivity ∆R/R induced by pumping at the
phonon resonance (85 meV) with off-resonant pumping
(124 meV), revealing a striking selectivity of the low-
energy mode excitation. The inset in Figure 3a shows
that the amplitude of the excited Raman Eg mode mea-
sured for various photon energies increases strongly to
a peak at 95 meV in vicinity of the absorption peak at-
tributed to the Eu phonon mode. Recently, ionic Ra-
man scattering (IRS) or nonlinear phononics, was pro-
posed as a mechanism for resonant activation of coher-
ent low-energy Raman-active (non-polar) phonon modes
upon pumping the absorption lines of infrared-active (po-
lar) lattice vibrations22. The mechanism of the coupling
between R- and IR-active modes can be described by in-
troducing an invariant non-linear term αQ2IRQR in the
lattice potential, with α defining the strength of the cou-
pling and Q corresponding to a normal coordinate of a
phonon mode. Because the symmetry representation Eg
of the phonon mode transforms as Eu⊗Eu under the sym-
metry operations of the rhombohedral phase of LaAlO3,
the Q2EuQEg coupling term is symmetry-allowed. To ver-
ify these mechanisms, we perform density functional the-
ory (DFT) calculations with the ABINIT code23 to fit a
non-linear phonon-phonon model potential of bulk R3¯c
LaAlO3 (see supplemental material section II).
In Fig. 3c we show the evolution of the coupling co-
efficient α with respect to the pump polarization angle
φ, such that φ=0 corresponds to the pump polarization
oriented along the (100) axis. It evolves as a periodic
function with extrema around φ= 0◦ and 112.5◦. Such a
non-trivial periodicity is a consequence of the projection
of the experimental pseudo cubic reference frame to the
natural rhombohedral one containing a high-symmetry 3-
fold rotation axis along the pseudocubic [111] direction,
see supplemental material, II.C. To verify this behavior,
we measured the amplitude of the Eg oscillation for the
pump polarizations oriented along several pseudocubic
crystallographic directions, see Fig. 3b. Figure 3c sum-
marizes the observations showing a good agreement with
predictions of the non-linear phonon model built from
DFT. This confirms that excitation of the Eg Raman-
active mode is governed by the IRS mechanism. Rele-
vance of this mechanism is further corroborated by mea-
surements of the fluence dependence of the Raman mode
amplitude, revealing a linear increase in the amplitude.
This is the first experimental observation of nonlinear
phononics in a wide bandgap insulator in conditions al-
lowing exclusively coherent phonon-phonon coupling. In
this sense IRS differs substantially from regular impul-
sive stimulated Raman scattering (ISRS) in which excita-
tion of coherent phonons is mediated by virtual electronic
transitions.
The Fourier analysis (FFT) of the light-induced coher-
42 0 2 5 3 0 3 5 4 0
0.0
0
0.0
2
0.0
4
1 0 0 1 5 0 2 0 00 . 0 0
0 . 2 5
0 . 5 0
0 . 7 5
1 . 0 0
1 . 2 5
1 . 5 0
0 1 0 2 00 . 0
0 . 5
1 . 0
1 . 5
2 . 0
2 . 5
0 2 0 0 4 0 0 6 0 0
- 0 . 1
0 . 0
0 . 1
0 . 2
0 . 3
0 . 4
0 . 5
- 4 5 0 4 5 9 00 . 0
0 . 2
0 . 4
0 . 6
0 . 8
FFT
 (ar
b. u
nits
)
F r e q u e n c y  ( G H z )
T A L A
h   =7 8  m e V
1 8 0  m e V
1 3 8  m e V
1 2 4  m e V
1 1 3  m e V
1 0 3  m e V
9 5  m e V
8 9  m e V
8 3  m e V
Am
plitu
de 
(arb
. un
its)
P h o t o n  E n e r g y  ( m e V )
L A
T A
Am
plitu
de 
(a. 
u.)
 F l u e n c e  ( m J / c m 2 )
h   =
 8 0  m
e V  
h   =  1 8
0  m e V  
( a ) ( b )
∆
B (a
rb. 
unit
s)
D e l a y  T i m e  ( p s )
 = 9 0 o
4 5 o
0 o
- 4 5 o
( c ) ( d )
Am
plitu
de 
(arb
. un
its)
 
P u m p  a n g l e ,    ( d e g )
L A
T A
Figure 4. (a) Fourier transforms of the measured polariza-
tion rotation signals corresponding to strain wave propaga-
tion after excitation with different pump energies. (b) Pump
wavelength dependent amplitude of the two oscillations cor-
responding to LA and TA strain waves for fixed pump and
probe polarizations as obtained from the Fourier transforms
shown in panel a. The solid and dashed lines are guides to the
eyes. The inset shows the amplitude of the LA (open mark-
ers) and TA (filled markers) oscillations vs pump fluence for
resonant and non-resonant excitation. (c) Time-resolved mea-
surements of the transient polarization rotation of the probe
pulse after excitation of the sample with different orientation
of the pump polarization, characterised by in-plane angle φ
at a pump energy of 89 meV. The black solid lines are best
fits using a sum of two sines, to account for the two frequen-
cies. (d) Amplitude of the Fourier peaks corresponding to the
different acoustic pulses for different pump polarization. The
dashed lines are the average values and the solid line is a sine
fit.
ent strain waves is summarized in Fig. 4a. The FFT am-
plitudes of the LA and TA strain waves are quantified as
a function of the pump photon energy, and summarized
in Fig. 4b. We observe that acoustic waves are excited in
the optical transparency window, with the amplitude of
LA strain being about 6 times larger than the amplitude
of the shear wavepacket. Upon reaching the absorption
line of the infrared-active phonon we see that the am-
plitudes of both strain waves start to increase. Surpris-
ingly, in vicinity of the phonon peak, the amplitude of
the LA strain wave decreases, while the amplitude of the
TA strain peaks, pointing to a competition between the
shear deformations and the longitudinal strain. We note
that the amplitude of both strain waves increases linearly
with pump fluence, both at the resonant and off-resonant
pumping as shown in the inset of Fig. 4b. The amplitude
of the TA strain remains finite for all the pump polar-
ization and shows a periodic modulation, as seen for the
amplitude of the Eg mode (Fig. 4c,d).
While the generation of a longitudinal strain wave fol-
lows straightforwardly from the electrostrictive response
of LaAlO3 and/or optical absorption21,24, shear strain
must be understood in terms of anisotropic elastic re-
sponse, both in and out of equilibrium. Indeed, even in
equilibrium, (001) LaAlO3 features an anisotropic surface
with respect to the high-symmetry (111) direction that
result in off-diagonal elastic constants in the rhombohe-
dral phase. In the supplemental material section II.D we
quantify the elastic constants of LaAlO3 using density
functional theory.
The same calculations show that, out of equilibrium,
the displacement along the Raman coordinate driven
by the rectification of the phonon field, reinforces the
anisotropic elastic response to optical excitation and the
generation of shear strain. The relevance of this sec-
ond mechanism is indicated by the observation that the
TA wavefront generation occurs at the expense of the
LA wavepacket, indicating that the anisotropic elastic
response is further enhanced at the phonon resonance.
This observation is also corroborated by the polarization
dependence having a component matching the polariza-
tion dependence of the Eg mode.
Our experimental and theoretical analysis uncovers a
previously unknown, remarkable feature associated with
ultrafast strain engineering. In addition to the dis-
placement along a Raman coordinate and coherent THz
atomic vibrations, expected within a nonlinear lattice
excitation regime, we observe an efficient generation of
shear strain wavepackets. Shear strain following reso-
nant pumping of the crystal lattice in LaAlO3 is likely to
be a key element of the metal-insulator transitions, ul-
trasonic magnetic dynamics and sonic lattice waves ob-
served in recent years. Tunable shear strain available
on the ultrafast timescales can be exploited for material
control using a wide array of perovskite anisotropic sub-
strates beyond LaAlO3. Since equilibrium shear strain
is an important element for ferroelectric1, flexoelectric25,
piezoelectric and magnetoelectric effects, we envision new
opportunities for ultrafast manipulation of collective ex-
citations in solids.
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6Supplementary Material:
Tunable shear strain from resonantly
driven optical phonons
TEMPERATURE DEPENDENCE OF THE Eg
MODE
In order to confirm that the observed oscillation at
1.1 THz corresponds to the Raman-active Eg mode, we
tracked the frequency and lifetime of the excited oscilla-
tions as a function of temperature. In Fig. S1 we summa-
rize the experimental findings. Although the frequency
of the oscillation f deomnstrates only weak softening
upon temeprature increase, its lifetime demonstrates a
strong temperature dependence. This behavior as well
as exact value of its frequency are cogent hallmarks
of the Eg Raman-active vibration being a soft-mode of
the rhombohedral-to-pseudocubic structural transition in
LaAlO3 at T=527 K.26,27. We also note that in our expe-
rimant the amplitude of the Eg mode shows a pronounced
decays upon temperature increase.
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Figure S1. (a) Time-resolved measurements of the transient
change in reflectivity of the probe pulse after excitation of
the sample at different temperatures (offset for clarity) with
a pump photon energy of 89 meV. The thicker solid lines
represent damped sine fits. (b,c) Lifetime (b), frequency f
(inset (b)) and amplitude (c) of the Eg mode oscillations vs.
the temperature T , extracted using the fits of the data in
panel a.
DFT CALCULATIONS ON NONLINEAR
LATTICE DYNAMICS
Technical details
We simulated the R3¯c phase of LaAlO3 through den-
sity functional theory (DFT)28,29 as implemented in the
ABINIT package (Ver 8.10.2)30,31. We used Norm-
conserving pseudopotentials32 to account for the interac-
tion of the nuclei and the electrons. These pseudopoten-
tials were downloaded from the Pseudodojo website33.
For La we considered 5s, 5p, 5d, 6s and 4f as va-
lence states and for Al and O the valence states con-
sidered to be 3s, 3p and 2s, 2p respectively. We used
the PBEsol GGA functional for the exchange correlation
interaction34 and all the calculations were done with a
5×5×5 mesh of k-points for sampling of reciprocal space
and a cut-off energy on the plane wave expansion of
45 Hartree. To calculate the phonons, we used den-
sity functional perturbation theory as implemented in
ABINIT35,36.
Phonons
The relaxed lattice parameters are shown in Table S1
together with experimental and DFT calculation values
available from literature. There is a good agreement be-
tween all of them, besides the usual underestimation of
the bandgap given by GGA functionals.
Table S1. Calculated and experimental ground state parame-
ters of the R3¯c phase of LaAlO3. The first column shows the
lattice parameter a, the second one shows the angle between
the lattice vectors, the third one reports the energy band gap
and the last column shows the oxygen octahedral rotation
angle around the [111] axis.
a (Å) α(◦) bandgap (eV) φ[111](◦)
this work 5.337 60.2 4.16 5.97
DFT 5.2937 60.137 3.8837 5.938
EXP 5.35739 6039 5.540 639
Table S2 shows the calculated phonon frequencies for
Raman active (Eg) and infra-red active (A2u and Eu)
modes relevant to our study. The calculated phonon fre-
quencies are in good agreement with reported experimen-
tal values.
Phonon-phonon coupling model:
In our experiment, the resonance amplification of the
Eg mode amplitude is observed when the pump photon
energy is around 85 meV with the propagation vector in
[001] pseudocubic direction. As can be seen from Fig. S2a
this direction makes a 55◦ angle with the high symmetry
[111] crystallographic axis. This means that the polar-
ization has one component in the [111] direction and one
in the (111) plane (from a symmetry point of view, ev-
ery vector in this space group can be written through the
A2u-[111] and Eu-(111) irreducible representation). Con-
sidering the phonon mode energies, the laser can only
7Table S2. Phonon labels of the R3¯c phase of LaAlO3 and their
frequencies as calculated in this work (column 2), experimen-
tally measured (column 3) and previously DFT calculated
(column 4).
Label Freq (meV) Exp DFT41
Eg(1) 3.82 4.2217 4.09
Eg(2) 18.89 18.8417 18.10
Eg(3) 57.42 58.2714 56.29
Eg(4) 59.75 60.3817 57.90
A2u(1) 19.75 20.83
A2u(2) 51.04 50.71
A2u(3) 79.78 77.74
Eu(1) 22.74 22.5642 22.19
Eu(2) 36.06 36.82
Eu(3) 51.89 53.1942 50.96
Eu(4) 60.60 62.1142 59.26
Eu(5) 81.66 81.4542 78.98
excite the highest frequency A2u and Eu phonon modes.
Hence, we only focus on the excitation of the A2u(3) and
Eu(5) modes (from this point on referred to as A2u and
Eu respectively) and their coupling to lower frequency
modes. All the other modes are lower in energy and can-
not be exited directly by the laser. We further show that
although the light can couple to the A2u mode, its exci-
tation cannot account for our experimental findings.
Since the calculations are done in a rhombohedral set-
ting while the orientation of the pump polarization plane
is located in the (001) pseudocubic plane, this needs to
be taken into account when comparing the results of the
calculations to experimental results. Fig S2b shows the
projection of the in-plane vectors of the pseudopseudocu-
bic system to the x, y axes in the (111) plane. Rotating
the laser polarization from [100] to [010] direction in pseu-
docubic setting corresponds to rotating the polarization
direction from x in (111) plane by 120◦. Rotating the
laser polarization from [010] to [-100] corresponds to ro-
tation of the polarization from 120◦ to -x which is a 60◦
angle. This leads to two different functions to describe
the connection between results of the experiment to the-
ory due to this difference.
Phonon modes
The Eu mode is a two dimensional degenerate phonon
mode and depending on the direction on the orientation
of the polarization plane of the excitation pulse, we can
excite different linear combinations of these two degener-
ate modes. These modes can be excited within two main
axis (orthogonal x and y, see Fig. S2a) or through a lin-
ear combination of them. Hence, for the Eu mode we
Figure S2. Schematic view of the lattice planes and directions
of pseudocubic and rhombohedral cells. (a) The surface of the
sample is [001] oriented but the crystallographic rhombohe-
dral main axis is along the [111] direction. (b) projection of
the pseudopseudocubic directions onto rhombohedral coordi-
nates in the (111) plane
studied 3 different cases:
i Exu polarized in the x direction in the (111) plane
(P1(9)) (Fig. S3c),
ii Eyu polarized in the y direction in the (111) plane
(P2(5)) (Fig. S3d),
iii Exyu with symmetry C1(1), a linear combination of
8Figure S3. Schematic pictures of phonon modes vibrations
for Eg mode (A), A2u mode (B) and Eu modes (C and D).
the Exu and Eyu modes, making a 45 degree angle with
x or y directions.
The A2u mode is not degenerate and is polarized in the
[111] direction perpendicular to the (111) plane as pre-
sented in Fig S3b.
We studied the coupling of the Eu and A2u mode with
several low frequency modes (results not shown here)
where we found that all the modes except Eg(1) (the
lowest frequency one) have negligible coupling to them.
Hence, from this point we focus on the coupling between
the Eu, A2u and Eg(1) modes (from now on referred as
Eg).
The Eg mode is also doubly degenerate and therefore
can have two different symmetries in which the modes
could be excited depending on its orientation (Eag and Ebg
with P1(15) symmetry shown in Fig S3a and Eabg with
C1(2) symmetry (similar to Fig S3b with different orien-
tation). Here, Eag and Ebg are rotated 60◦ with respect to
each other.
Eu and Eg couplings:
To study the coupling of Eu and Eg modes, we consid-
ered 3 different possibilities:
i Exu mode with Eag and Eabg modes,
ii Eyu mode with Eag and Eabg modes,
iii Exyu mode with Eag mode.
For the case of Exu, Eyu modes and Eag and Eabg modes,
we consider a nonharmonic potential (Eq. S1) and fit the
results with DFT calculations. Table S3 shows the fitted
coefficient for our simulations.
V (Q) = aQ2Eu + bQ
4
Eu + a
′Q2Eg + b
′Q3Eg+
c′Q4Eg + αQEgQ
2
Eu + βQ
2
EgQ
2
Eu
(S1)
To fit the results of DFT for Exyu and Eag , we used
Eq. S2 and fit the results. For this fit, since we are
calculating Exyu with equal contributions from Exu and
Eyu we have the coefficient a = a” and b = b” and the
f(Q2E1u
, Q2E2u
) terms can be neglected. The fit parameters
for these modes are shown in Table S3.
V (Q) = aQ2Exu + bQ
4
Exu
+ a′′Q2Eyu + b
′′Q4Eyu + a
′Q2Eg+
b′Q3Eg + c
′Q4Eg + αQEgQExuQEyu + βQ
2
EgQExuQEyu+
f(Q2Exu , Q
2
Eyu
)
(S2)
Table S3. Coupling coefficients between Exu, Eyu, Exyu modes
and Eag mode. The units are eV/Å
n, where n stands for the
order of the coupling.
a b a′ b′ c′ α β
Exu 13.418 11.049 0.027 0.077 1.075 -1.611 -3.922
Eyu 13.425 10.895 0.028 0.079 1.074 1.616 -4.802
Exyu 6.711 5.475 0.028 0.073 1.076 -0.001 -4.406
Fig. S4 shows the evolution of the potential energy V
as a function of the Eag mode condensation amplitude for
different amplitudes of Exu (Fig. S4a) and Eyu (Fig. S4b)
modes. The modes Exu and Eyu tend to displace the min-
imum of the Eag mode toward different directions. These
behaviours are due to opposite signs of the α coefficients
that couples the two Exu and Eyu modes to the Eag mode.
Hence, this shifts the minimum of the energy in two dif-
ferent directions, which could be the reason why we have
oscillation of the Eg modes in the experiments that has
9different phase for two modes in 0◦ (exciting Exu mode)
and 90◦ polarization (mainly exciting the Eyu mode) of
the laser. A minimum different from 0, means that ex-
citation of the Exu and Eyu modes quasi-statically freezes
the Eag mode (lowering the symmetry), which is the char-
acteristic of nonlinear phononics.22
For the Exyu mode (which is a linear combination of the
Exu and Eyu mode with equal contribution from each one)
the α parameter is zero and the higher order coupling are
not large enough to create any considerable dynamics.
This situation occurs when the polarization component
of the laser in the (111) plane is exactly between the x
and y axis. To further study the effects of polarization
direction of the laser on Eag mode, we have studied the
evolution of the α parameter with respect to different
polarization angles in the (001) plane. Figure 3c in the
main text shows the results with α changing in an oscil-
latory manner. The reason that the function consists of
two parts, is because the polarization in the (001) plane
has to be projected on the (111) plane, see Fig. S2b.
Figure S4. The potential energy V as a function of the Eag
mode displacement for different amplitudes of the Eu mode
(Exu (a), Eyu (b)). The arrows show the direction of increasing
Eu mode amplitude.
The coupling of different Eu modes with Ebg mode is
also studied. The results of these studies are the same as
the one presented for Eag case with the difference that the
b′ coefficient is positive in the Eag case while it is negative
in the Ebg case. The associated effects of Exu or Eyu modes
coming from this coefficient is small compared to the one
given by the α coefficient.
Fluence dependence of the Eg mode
We measured the dependence of the observed oscil-
lations corresponding to the non-polar Eg mode as a
function of the pump fluence at the resonance conditions
(with the pump photon energy of 83 meV). As shown in
Fig. S5, the oscillation amplitude depends linearly on the
pump fluence. This observation, combined with the res-
onant character, indicates a quadratic dependence of the
Eg mode amplitude on amplitude of the pump driven Eu
mode.
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Figure S5. (a) Time-resolved measurements of the transient
change in reflectivity of the probe pulse after excitation of
the sample at a pump energy of 89 meV with different flu-
ences (offset for clarity). The thicker solid lines represent sine
fits. (b) Amplitude of the Eg mode oscillations vs. pump
fluence, extracted using the fits of the data in panel a. Inset:
Amplitude of the Eg mode vs. pump electric field E with a
power fit giving E1.93±0.15.
A2u and Eg coupling:
The A2u mode is single dimensional and it could cou-
ple to different directions of the Eg mode (Eag and Ebg
and Eabg modes). We fitted Eq. S1 to study the A2u
mode coupling where α is equal to zero (it is not allowed
by symmetry). The resulting calculated coefficients are
shown in Tab S4.
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Table S4. coupling coefficients between the A2u mode and
Eag , Ebg and Eabg modes. The units are eV/Å
n, where n stands
for the order of the coupling.
a b a′ b′ c′ β
Eag 12.81 8.01 0.027 0.078 1.059 -3.161
Ebg 12.81 8.00 0.027 -0.084 1.062 -3.159
Eabg 12.815 8.020 0.027 -0.012 -0.012 -3.167
In this case β is the coefficient that is governing the
change in energy surface of the Eg mode but it is very
small with respect to the Eu case such that the dynamics
resulting from the A2u excitation can be neglected.
Strain waves:
In the experiment, both longitudinal acoustic (LA) and
transverse acoustic (TA) waves are observed after reso-
nant optical phonon excitation. Although exciting the
LA mode is straightforward, exciting the TA mode is not
evident in isotropic materials. We have studied two pos-
sible origins to excite the TA mode: (i) by having the
crystal with off-axis orientation with respect to the sam-
ple surface or (ii) through the phonon-phonon coupling
that induces anisotropic strain.
In case (i), the experimental set-up is such that the
LaAlO3 sample surface is oriented in the pseudocubic
[001] direction, which makes an angle of 55◦ with re-
spect to the proper rhombohedral [111] high symmetry
direction (as can be seen in Fig. S2a). This is evidenced
from the calculated elastic constants of both the pseu-
docubic and the rhombohedral phases reported in Table
S5. We can see that the transition from pseudocubic to
R3¯c phase creates anisotropy in the pseudocubic elastic-
ity with a pronounced splitting between the rhombohe-
dral xy directions and the z direction. In this case the
shear strain will be exited due to anisotropy arising from
off-axis orientation of the crystal.
In the second case (ii) the phonon-phonon coupling in-
duced by the laser, excites the Eg mode, which in turn
can induce an out-of-equilibrium anisotropy into the elas-
ticity. To further show the effect of this dynamically
induced phonon induced stress, we relaxed the lattice
parameters by keeping the Eg mode frozen in the crystal
and compared the resulting elastic constants with respect
to the ones of pseudocubic and rhombohedral LaAlO3
(Table S5). It is seen that the anisotropy arising from
the Eg mode condensation has a strong impact on the
C35 and C51 elastic constants. These off-diagonal con-
stants indeed couple longitudinal and shear strain likely
contributing to the strain conversion when energy of the
pump photon is swiped across the Eu phonon resonance.
Table S5. Elastic constants of LaAlO3 (in Cartesian direc-
tions) for the pseudocubic, rhombohedral (R3¯c) and rhombo-
hedral with the Eg mode condensed. The amplitude of the
distortion is 0.13Å. Units are in (GPa)
pseudocubic Rhombo Rhombo+Eg
C11 366 404 410
C22 366 404 394
C33 366 406 406
C12 130 124 124
C23 130 98 97
C31 130 98 100
C44 0 124 123
C55 0 124 124
C66 0 140 140
C46 0 -22 -23
C51 0 22 18
C52 0 -22 -22
C35 0 0 -4
∗ equal contribution
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